We demonstrate an improved signal-to-noise ratio in a scanning optical microscope used to read out information from a magneto-optical data storage layer. By placing a shading band in the return path of the optical system we can reduce noise by as much as 3 dB in certain spatial frequency ranges. The signal-to-noise ratio improvement arises from differences in the signal and noise distributions in the pupil of the optical system. Although the experimental results are shown only in one dimension, the concept is applicable to two-dimensional scanning of low-contrast samples.
It has been known for some time that placing apodizing filters in the pupil of scanning optical microscopes can change the system transfer function and inf luence the resolution of the resulting image. 1 This concept has been applied to optical data storage systems, which are essentially scanning optical microscopes, to increase data density. 2 However, the literature does not discuss in detail how filters inf luence the signalto-noise ratio of the image. In this Letter we describe a mechanism that can improve the signal-to-noise ratio of a scanning optical microscope when a filter is placed in the return path of the optical system.
A simple ref lection-type scanning optical microscope is shown in Fig. 1 . A light beam from the source passes through a beam splitter and is focused onto the sample by an objective lens. The ref lected light is directed by the beam splitter to the detectors. If a filter is placed in the illumination path, it inf luences the distribution of focused energy on the sample. By appropriately choosing the amplitude and (or) phase distribution of the filter we can make the central lobe of the focused spot narrower than the spot without the filter. This concept has been used in optical data storage devices to increase the density of recorded data. 3 Alternatively, a filter can be placed in the return path. 4 The return-path filter does not inf luence the spot distribution on the disk, but it does inf luence the system transfer function.
The inf luence of the return-path filter on the transfer function is shown in Fig. 2 . Two diffracted orders are produced in the return path from each spatial frequency component of the object. Phase shift between the zero-order ref lected light and the diffracted orders changes as the object is scanned, which produces a modulation in the data signal received at the detectors. Interference occurs only in the overlap regions of the diffracted orders and the zero order. For lowfrequency components there is a large overlap and a correspondingly large signal level. For high-frequency components the overlap area is decreased and spreads toward the edges of the pupil, thus reducing the signal level. A shading band placed in the center of the pupil blocks some of the low-frequency signal and allows the high-frequency signal to pass nearly unattenuated. The reduction of signal amplitude at low frequencies partially equalizes the system transfer function, which can lead to improved resolution.
For low-contrast objects the noise properties of the optical system can be as important as the signal properties described above. An intuitive examination reveals that the noise distribution in the return-path pupil is closely related to the distribution of light in the illumination-path pupil. For Gaussian illumination most of the noise energy is concentrated in the center of the pupil. The spatial frequency distribution of the noise is nearly f lat, but there is a slight nonuniformity that depends on the sample substrate quality. A shading band, like the one shown in Fig. 2 , decreases the noise by blocking the noise power in the central portion of the pupil. Hence the signal-to-noise ratio for high-frequency signals is improved because the signal power passes the filter nearly unattenuated while the noise is reduced. At low frequencies both signal and noise are reduced, and the signal-to-noise ratio depends on the specif ic illumination conditions. There is much overlap between the diffracted orders from low-frequency spatial components and the zero order; less overlap is observed at high frequencies. A shading band blocks some of the lowfrequency signal, whereas it passes the high-frequency signal.
Our experiments are performed on an optical test bed that was described in an earlier publication. 4 In brief, the system uses a 785-nm-wavelength laser diode that is collimated and circularized to provide Gaussianshaped illumination on the stop near the 0.5-N.A. objective lens. In normal operation the ref lected light from a spinning disk sample is directed by the beam splitter into a second lens that focuses the light onto data and servo detectors. To measure signal and noise distributions in the pupil, we place a pinhole aperture in an image of the stop in the return path. The pinhole is scanned across the pupil, and data that indicate signal and noise powers are accumulated at an array of sampling points. The results presented in this Letter are obtained from a magneto-optical disk sample, which exhibits a low-contrast data signal. Only approximately 2% of the light ref lected from the disk sample contains data information. In addition to reading data, our test bed is also equipped to write data patterns along tracks as the disk spins. The laser beam is pulsed at a relatively high power level (6 mW) in accordance with the data pattern to be written.
We obtain signal distributions by writing a singlefrequency data pattern at the frequency of interest. Data are written as narrow (ϳ0.8-mm-wide) marks and spaces along a track. After writing, the laser power is reduced to a constant level of 1.5 mW. The laser beam is scanned over the data track at 6.6 ms 21 . We then used a scanning pinhole to obtain the signal power in a 30-kHz bandwidth as a function of position in the stop without the shading band in place. Data are then erased, and a different frequency is written.
In Fig. 3 we display the signal power distributions for several different spatial frequencies. Figure 3(a) displays the result for a low frequency. The signal energy is concentrated in the center of the pupil, as predicted in Fig. 2(a) . Figure 3(b) displays the result for a spatial frequency near N.A.͞l 0.64 mm 21 , which is the cutoff frequency for a coherent plane-wave illumination system using the same N.A. and l. As illustrated in Fig. 2(b) , the overlap area of the diffracted orders separates. Figure 3 (c) displays the result for spatial frequencies approaching 2N.A.͞l 1.28 mm 21 , which is the cutoff frequency for this type of scanning optical microscope. The overlap area is signif icantly reduced, and the signal power is concentrated near sides of the pupil.
We obtain noise distributions by scanning the laser beam over an erased track at 3.3 ms 21 . We use the scanning pinhole to obtain the noise power in a 30-kHz bandwidth as a function of position in the stop without the shading band in place. Noise distributions are also measured with the disk stopped to separate mediaand laser-noise contributions. Figure 4 (a) displays the total noise distribution in the pupil with the disk stopped. The noise follows the Gaussian shape of the illumination on the stop, and it contains shot-noise and laser-noise components. Figure 4 (b) displays the total noise for a spatial frequency corresponding to 0.6 mm 21 . The noise is concentrated near the center of the pupil, unlike in the bimodal signal power distribution shown in Fig. 3(b) . Figure 4 (c) shows the media-noise contribution to the total noise, which we obtained by subtracting data of Fig. 4(a) from data of Fig. 4(b) . The media noise is more randomly distributed than the total noise, although most of the media-noise energy is concentrated near the center of the pupil. One might suspect that the media-noise distribution would be smoother than observed in Fig. 4(c) . However, the distribution shown in Fig. 4(c) represents one sample of an ensemble across the disk, for which the ensemble average is a relatively smooth distribution. We find that the media-noise distribution spreads out toward the edge of the pupil at higher spatial frequencies, but most of the noise power is within a radius equal to half the radius of the pupil.
We now consider the effects of placing a shading band in the central portion of the pupil, as shown in Fig. 2. Figure 3(d) shows the shape of the shading band used in the experiments. It is thinner in the center and wider at the edges than the rectangular filter shown in Fig. 2 , to match more nearly the signal power distribution near N.A.͞l. When it is placed in the pupil, the shading band reduces the data signal for spatial frequencies below N.A.͞l and allows the data signal for spatial frequencies above N.A.͞l to pass nearly unattenuated. Since the noise is concentrated in the center of the pupil, the shading band also reduces the noise power. At low spatial frequencies the noise reduction is not as great as the signal loss, and some reduction in signal-to-noise ratio occurs. However, the usual situation is that the signal-to-noise ratio is comparatively high at low spatial frequencies, so a small reduction in signal-to-noise ratio does not signif icantly affect the image quality. At high spatial frequencies the shading band passes nearly all the signal power, but it blocks the noise in the center of the pupil. This reduction in noise power is the mechanism for improving the signal-to-noise ratio, which is increased by as much as 3 dB for high spatial frequencies. Figure 5 displays the signal-to-noise ratio as a function of spatial frequency for the system with and without the shading band. At low frequencies the signal-to-noise ratio is reduced slightly with the shading band. At spatial frequencies above N.A.͞l the signal-to-noise ratio is increased with the shading band by as much as 3 dB.
The noise component in the signal-to-noise ratio of Fig. 5 is a narrow-band measurement within a 30-kHz bandwidth. However, the signal-to-noise ratio calculation based on an integrated noise component follows a similar pattern because the noise power is reduced over the entire frequency range. In fact, the signal-to-noise ratio is improved by as much as 7 dB for certain frequency ranges.
In general, the shading-band technique can be applied to scanning optical microscopes in the following way: The highest increase in signal-to-noise ratio will be observed when the object exhibits low contrast in a spatial frequency band near N.A.͞l and above. The shading bands shown in Figs. 3 and 4 are appropriate for a signal-to-noise ratio increase in the direction of the scan. For many applications this is a signif icant improvement. In the direction perpendicular to the scan the shading bands will not produce the same increase in signal-to-noise ratio. Instead, the shape of the shading band should be modified to an opaque circle in the center of the pupil.
In summary, we have shown that a shading band in the return path of a scanning optical microscope can increase the signal-to-noise ratio by as much as 3 dB in spatial frequency bands near N.A.͞l and above. The technique works best for low-contrast objects for which the noise distribution is concentrated near the center of the pupil. A rectangular or I-shaped shading band is appropriate for signal-to-noise ratio improvement along the direction of the scan. A circularly shaped shading band is appropriate for improvement in two dimensions.
